Introduction
============

α-Mangostin (αMG) is a xanthone extracted from Garcinia mangostana Linn which exerts a wide range of therapeutic effects. This natural compound has been extensively investigated for its anticancer activity [@B1], [@B2], but it has also been considered for treating other diseases, including diabetes [@B3] and bacterial infections [@B4]. The principal mechanisms of action that have been attributed to αMG for counteracting tumour growth are: arrest of cell proliferation, induction of cell apoptosis, and suppression of angiogenesis and metastases [@B5], [@B6], [@B7]. For these reasons, αMG has been also proposed as a co-adjuvant in some protocol of anticancer therapy [@B8]. Indeed, the discovery of natural compounds with anticancer activities is an appealing theme of research, especially if the bioactive substances are not dangerous for healthy cells at therapeutic doses. Several natural compounds exerting antiproliferative effects in human cancer cells have been described, suggesting also a tool for tumour prevention [@B9], [@B10].

Multicellular tumour spheroids (MCTSs) have been using for cancer research since about fifty years ago as a three-dimensional (3D) alternative model to cell monolayers [@B11], [@B12]. One of the advantage provided by MCTSs is to simulate the solid tumours that grow more rapidly than their supporting vasculature, hence showing a decreasing oxygen/nutrient gradient from outside to inside [@B13]. The possibility to adopt MCTSs to perform high-throughput drug screening has been increasingly considered in recent times, but excessive simplifications of their measurements could lead to misleading conclusions. This is particularly true when spheroid size is determined automatically by dedicated instruments that do not provide further information on the internal morphology. Indeed, the mere data of volume reduction as an index of anticancer activity should require at least the supporting analysis of spheroid cell cohesion, since this latter parameter independently affects MCTS size.

Aim of the present study was to investigate the pharmacological effects of αMG on breast MCTSs, taking into account in a specific manner the changes in spheroid volume and density that cannot be evaluated using cell monolayers.

Materials and Methods
=====================

Cancer cell lines and culture conditions
----------------------------------------

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise stated. The purity of αMG was \> 98%. Highly invasive MDA-MB-231 triple negative breast cancer cell line (The European Collection of Authenticated Cell Cultures, *ECACC,* Sigma-Aldrich) was selected to perform both 2D and 3D assays. The less aggressive MCF-7 breast cancer cell line (ECACC) expressing estrogen and progesterone receptors was used to compare the relevant data obtained with MDA-MB-231 cells. Both tumour cell lines were grown in tissue culture flasks under standard conditions (37°C, 5% CO~2~, 95% humidity), using Dulbecco\'s modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS), 1% v/v L-glutamine, 100 U/ml penicillin, and 100 μg streptomycin. The medium was routinely changed twice weekly. When sub-confluent, cell monolayers were passaged using a detaching solution containing 0.05% trypsin in 0.53 mM EDTA.

MCTS generation
---------------

Both MDA-MB-231 and MCF-7 cells were re-suspended in serum-free DMEM/F12 (1:1) supplemented with 1% L-glutamine, 10 ng/mL basic fibroblast growth factor (b-FGF, Peprotech, St. Louis, MO, USA), 20 ng/mL epidermal growth factor (EGF, Peprotech), 100 U/ml penicillin, 100 μg/ml streptomycin, and 1% B27. For spheroid generation, 200 μl of cell suspensions at the density of 1.4 x 10^3^ cells per well were seeded in ultra-low attachment (ULA) 96-well round-bottomed plates (Corning B.V., Life Sciences, Amsterdam, The Netherlands). Plates with MCF-7 and MDA-MB-231 cells were centrifuged three times at 400 rpm for 3 min and then incubated at 37 °C, 5% CO~2~, 95% humidity for 3 and 4 days, respectively. At the end of these periods, the cell aggregates acquired the morphology of compact MCTSs; then, a 50% medium was replenished and MCTSs treated with αMG for 1 or 2 days as described in the following sections.

Volume measurement and fluorescent image acquisition of MCTSs
-------------------------------------------------------------

Phase-contrast images of MCTSs were captured using an inverted microscope (IX50, Olympus Italia, Segrate, Italy) equipped with a Canon G16 camera (Canon Europa, Amstelveen, The Netherlands) and imported into Image-J software (Fiji, http://fiji.sc/). The border of each spheroid was manually drawn to obtain the magnitude of the pseudo-circular area (A). The average radius was then calculated through the formula: r = √A/π and used to obtain the volume value of each MCTS: V = 4/3 π r^3^. The percentage of volume change due to αMG exposure for 24-48 h was calculated by comparing the same spheroid just before treatment (100%).

The degree of MCTS cohesion was then measured using the "Mean Grey" command of Image-J software applied to the 8-bit inverted images of each spheroid. This parameter provided the grey half-tone intensity-to-area ratio of the pseudo-circular images of MCTSs. After background subtraction, the final values were expressed as arbitrary units of spheroid density.

Zonal distribution of cell viability in MCTSs was determined by adding into each well 20 μg/ml carboxyfluorescein diacetate (CFDA) at 37 °C for 1 h. The dye was then washed-out three times with PBS and 50 μg/ml propidium iodide (PI) was incubated at 37 °C overnight. The day after, 100 μl of the medium were removed and MCTSs were washed three times with PBS. Fluorescent images were observed using the inverted microscope Olympus IX50 set with a wide band filter which allowed fluorescence to be simultaneously visible as green and red for CFDA and PI, respectively. The images were captured with the Canon G16 camera and imported into Image-J software using the 5D view application.

Viability assays for cell monolayers and MCTSs
----------------------------------------------

For both cell monolayers and MCTSs, cell viability was measured using the Presto Blue assay (Invitrogen, Carlsbad, CA, USA) which indirectly quantifies living cells through the metabolically active reduction of resazurin to fluorescent resorufin. This assay allows to maintain cells viability and, therefore, to monitor cell growth with time. Cells were seeded into 96-well plates at the density of 2.0 x 10^4^ cells/ml and, at different time periods as indicated in the result section, the fluorescence was measured with 10% v/v Presto Blue buffer solution after 20-min incubation using a Victor2 multiwell plate reader (Perkin Elmer, Milan, Italy) set at ex. 540 nm and em. 590 nm.

For MCTSs, after removing the medium from each well containing the spheroid, 200 μl of 10% v/v Presto Blue buffer solution were added. The plate was incubated for 20 min at 37 °C and the fluorescence read as described for cell monolayers. Cell viability was also determined in MDA-MB-231 MCTSs by measuring the activity of acid phosphatase (APH), according to the method described by Friedrich et al. [@B14]. Briefly, after removing the medium, 100 μl PBS and 100 μl APH assay buffer, containing 2 mg/ml p-nitrophenylphosphate and 0.1% v/v TritonX in 0.1 M citrate buffer, were added in each well and the plate incubated for 90 min at 37 °C. The enzyme reaction was interrupted with 1 M NaOH and the absorbance read at 405 nm using the Victor2 multiwell plate reader.

Apoptosis assay
---------------

The activity of the main effector caspases 3, 6, and 7 was measured by the cleavage of the fluorogenic peptide substrate Ac-DEVD-AMC, as previously described [@B15]. Cell monolayers were scraped, centrifuged at 1,100 rpm, and the pellet resuspended in culture medium. Cell lysis was then obtained with three cycles of freezing/thawing followed by centrifugation at 12,000 rpm. The substrate Ac-DEVD-AMC was added to the surnatant for 15 min at 37 °C and the enzymatic reaction interrupted through the addition of 1 M HCl. Fluorescence was measured by setting the Victor2 multiwell plate reader at ex. 370 nm and em. 455 nm.

Cell migration from MCTSs
-------------------------

Migration activity of cells growing on the external surface of MCTSs was evaluated according to the method described by Vinci et al. [@B16] with some modifications. Flat-bottomed, 96-well plates (Corning B.V.) were coated with 15 μl of 0.2% gelatine in sterile water for 1 h at 37 °C (migration plate). A total of 100 μl/well of the culture medium that was used for MCTSs was then added. Afterwards, 100 μl of medium were removed from each well containing a 4-day spheroid and the remaining medium, including the spheroids, transferred into the prepared migration plate. Phase-contrast images of cell migration, occurring in the presence or absence of different concentrations of αMG, were obtained after 18 h at 37 °C using the abovementioned microscope. The propensity of cells to migrate was evaluated by measuring the pseudo-circular area covered by cells moving around the MCTS.

Statistical analysis
--------------------

Statistical analysis was performed using the software GraphPad Prism version 4.0 (San Diego, CA, USA). Values are expressed as mean ± SEM. One-way analysis of variance (ANOVA) followed by Dunnett\'s post-hoc test was used for all comparisons. IC~50~ concentration of αMG was calculated using the nonlinear regression analysis of cell viability data and shown with the corresponding correlation coefficient (R^2^). P \< 0.05 was considered statistically significant.

Results
=======

Viability of MCTSs and monolayered cells
----------------------------------------

The viability of MDA-MB-231 MCTSs exposed to αMG was evaluated by measuring either resofulvin reduction or APH activity (Figure [1](#F1){ref-type="fig"}). Both assays showed a dose-dependent decrease in cell viability after treating the MCTSs with αMG in the range 0.1÷15 μg/ml for 48 h. The lowest concentrations that caused a significant cell death (20-30%) were 0.1-0.5 μg/ml. The IC~50~ calculated under these 3D conditions was similar to that obtained using MDA-MB-231 cell monolayers (Table [1](#T1){ref-type="table"}). Higher IC~50~ values were calculated for MCF-7 than MDA-MB-231 cells growing onto plastic flasks up to 48 h (Table [1](#T1){ref-type="table"}). A dose-dependent increase in cell apoptosis was also observed using both cell monolayers, reaching significant effects with 15 μg/ml αMG administered for 24 h (Figure [2](#F2){ref-type="fig"}).

Zonal distribution of life/dead cells
-------------------------------------

The distribution of cell viability in MDA-MB-231 spheroids treated with 15 μg/ml αMG for 48 h was assessed by capturing the images obtained using CFDA (green) as a fluorescent vital dye and PI (red) for dead cells (Figure [3](#F3){ref-type="fig"}). Three sections of each hemispheroid were analysed to obtain the zonal distribution of cell viability. The ratio of the red/green intensity in all three sections of treated MCTSs was higher than in the corresponding regions of the untreated MCTSs and maximal in the middle of the spheroid. A dead (red) region inside the untreated MCTSs was not expected because the mean radius was enough short (see next paragraph) to allow a reliable passage of oxygen and nutrients. However, we cannot exclude that the permeability of plasma membranes could be partially increased in the inner layers of the spheroids allowing PI to enter the cells.

Changes in volume and cohesion of MCTSs
---------------------------------------

The mean size of spheroids measured before αMG treatment (time zero, t~0~) was for (i) MDA-MB-231 MCTSs: radius 0.150 ± 0.040 mm and volume 0.014 ± 0.001 mm^3^; (ii) MCF-7 MCTSs: radius 0.126 ± 0.002 mm and volume 0.0085 ± 0.0005 mm^3^ (data not shown). Since the radius of the spheroids did not exceed 0.15 mm, oxygen diffusion through the untreated MCTSs was expected to be adequate [@B17].

The size of MDA-MB-231 MCTSs was clearly affected by the treatment with αMG (Figure [4](#F4){ref-type="fig"}). A significant reduction in spheroid volume with respect to control was observed after administration of 30 μg/ml αMG for 24 or 48 h. At this concentration spheroids were smaller and more compact than untreated MCTSs. A consistent modification in volume was also induced by concentrations of αMG in the range of 5-15 μg/ml, but resulting in an increase rather than decrease in size. Using these intermediate doses, a lower cohesion between cells was observed, as attested by the reduction in mean grey density of MCTSs.

Biphasic effects on spheroid size were also obtained using MCF-7 MCTSs (Figure [5](#F5){ref-type="fig"}). Indeed, the exposure of 8-10 μg/ml αMG for 24 h led to a twofold increase in volume relative to the corresponding control value. Like MDA-MB-231 MCTSs, MCF-7 spheroids decreased in size and increased in consistence after exposure to the highest doses of αMG (15-30 μg/ml).

MDA-MB-231 cell migration
-------------------------

Cells moved toward a radial direction when MDA-MB-231 MCTSs were supported by a layer of gelatine. Dose-dependent concentrations of αMG from 5 μg/ml were effective in reducing cell motility (Figure [6](#F6){ref-type="fig"}). No cell migration was observed from MCF-7 spheroids (data not shown), because of the lower invasiveness of this breast cancer cells.

Discussion
==========

The main finding of the present study is the biphasic changes in MCTS size, paralleled by an inverse effect on cell cohesion, due to the treatment with αMG at increasing doses. This condition was particularly evident at concentrations of αMG tenfold higher than the IC~50~. In order to evaluate whether the changes in MCTS size were sufficient to appreciate the anticancer effect of αMG, both variations in spheroid volume and viability were compared. Both resazurin and APH assays coherently showed that a gradual and constant decrease in vital cells occurred with doses of αMG from 0.1 to 15 μg/ml. We adopted this range of concentrations because was similarly used in other studies focusing on the anti-proliferative effects exerted by αMG against breast cancer cells lines grown on plastic plates [@B18], [@B19]. The live/dead fluorescent images of MDA-MB-231 MCTSs treated with 15 μg/ml αMG confirmed that this concentration provokes a damage almost homogeneously distributed in the inner regions of the spheroid. By contrast, lower doses of αMG ranging from 5 to 15 μg/ml caused a significant volume increase in MDA-MB-231 MCTSs, regardless of the duration of the treatment. The discrepancy between the increased volume and the decreased viability of the MCTSs observed under this condition was explained by a parallel reduction in density of the same spheroids. At intermediate doses, αMG provoked a MCTS expansion that was not related to an increase in cell proliferation but to the presence of cells that were not more able to adequately adhere one to each other. The phase-contrast images of the low-density MCTSs showed that the cells were not in tight contact but discretely distanced, maintaining anyway the spheroids an irregular circular shape with additional small ramifications.

The volume of MDA-MB-231 MCTSs began to decrease again at the highest doses of 20-30 μg/ml, hence larger amounts of αMG significantly reduced the development of the spheroids. MCTS density was significantly increased under these conditions and phase-contrast images assumed an intense grey tonality that makes difficult to recognize cell contours. This was probably due to a necrotic process paralleled by cell apoptosis, as suggested by the increased caspase activity observed in cell monolayers treated with high doses of αMG.

MDA-MB-231 MCTSs were compared with spheroids generated by MCF-7 cells, a less aggressive breast cancer cell line [@B20], in response to αMG treatment. Similarly, MCF-7 spheroids did not show a dose-dependent decrease in size in the overall range of 0.5-30 μg/ml αMG, but only in the windows of 0.5-5 μg/ml and 15-30 μg/ml. Moreover, intermediate concentrations (8-10 μg/ml) produced a volume increase while a greater density was obtained with the highest doses of αMG.

Reduced cell cohesion induced by αMG in MDA-MB-231 MCTSs did not correspond to increased cell motility. Indeed, cell migration from these spheroids was not stimulated by αMG but, on the contrary, was inhibited in a dose-dependent manner. The underlying molecular mechanism seems to be referred to a reduction in NF-kB nuclear translocation which down-regulates MMP2 e MMP9 matrix metalloproteinases (gelatinase) [@B21]. A parallel inhibition of cell adhesion and migration was similarly described in a study where lycopene, a natural product of tomato, was suggested to reduce the risk of prostate cancer through these specific combined actions [@B22].

In conclusion, thanks to the combined evaluation of spheroid volume, density and cell migration, a novel anticancer effect of αMG has been demonstrated leading to a reduction in cell adhesion without increasing the metastatic potential. The knowledge of this mechanism can also suggest using αMG together with conventional drugs to increase their penetration into the bulk of solid tumours.
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![Effect of αMG on the viability of MDA-MB-231 MCTSs. MDA-MB-231 MCTSs were exposed to 0.1-15 μg/ml αMG for 48 h and cell viability was evaluated by measuring (a) resofulvin reduction (two independent experiments) and (b) APH activity (three independent experiments). The corresponding values of IC~50~ are shown above the bars. A.U.F., arbitrary units of fluorescence. OD, optical density. \*\*p \< 0.01 vs untreated spheroids (ctr).](ijmsv15p0023g001){#F1}

![αMG-induced apoptosis of MDA-MB-231 and MCF-7 cells cultured under 2D conditions. The bar graphs show the dose-dependent increase in caspase activity after 24 h of treatment (three independent experiments). Values are expressed as arbitrary units of fluorescence (A.U.F.) emitted by the cleaved substrate. \*p \< 0.05, \*\*p \< 0.01 vs the corresponding control values (ctr).](ijmsv15p0023g002){#F2}

![Representative live/dead images of MDA-MB-231 MCTSs exposed to αMG. Three sections of each MCTSs, corresponding to middle (A), intermediate (B), and peripheral (C) regions of a hemispheroid, were analysed to obtain the spatial distribution of viable (green) and dead (red) cells. The intensity of red fluorescence due to PI staining increased from the periphery to the centre of the spheroid, while the CFDA-dependent fluorescence decreased along the same direction. The bar graph shows that the ratio of the red/green intensity was higher in all three sections of the MCTS exposed to 15 μg/ml αMG for 48 h with respect to the corresponding regions of the untreated spheroid.](ijmsv15p0023g003){#F3}

![Volume and density modifications of MDA-MB-231 MCTSs induced by αMG. (a) The bar graph shows the percent changes of MCTS volumes (three independent experiments) after treatment with αMG for 24 and 48 h (t~0~ = 100 %). A threefold increase in size was observed in the range of 5-15 μg/ml αMG, irrespective of the duration of treatment, while a significant reduction was obtained using the highest doses of 30 μg/ml. (b) The bar graph represents the corresponding modifications in MCTS adhesiveness due to αMG treatment for 24 and 48 h. It can be noted the opposite trend of spheroid density with respect to volume changes, showing the lowest mean grey values in the range of 5-15 μg/ml αMG and the highest at 20-30 μg/ml. The images at the bottom are representative of MCTSs after treatment with αMG for 48 h. Numbers represent the doses expressed as μg/ml. MCTSs became larger, but less aggregated, after treatment with 5-15 μg/ml αMG with respect to control, while they were smaller and denser in relation to the highest concentrations of αMG. \*p \< 0.05, \*\*p \< 0.01 vs control values of untreated spheroids at the corresponding time (ctr). The asterisk centred above a couple of bars shows that both mean values are significantly different with respect to control.](ijmsv15p0023g004){#F4}

![Volume and density modifications of MCF-7 MCTSs induced by αMG. (a) Like MDA-MB-231 MCTSs, the treatment with αMG of MCF-7 MCTSs (three independent experiments) led to biphasic size modifications. MCF-7 MCTSs, whose volumes are expressed as percentage relative to t~0~ (100 %), grew more rapidly than MDA-MB-231 MCTSs. Therefore, at low αMG concentrations up to 1 μg/ml, the volume was greater than the corresponding control value, although it decreased in a dose-dependent manner. The volume was significantly lower than the control at 5 μg/ml αMG. This latter concentration represents the limit over that the MCTSs started to increase in size. In the range of 15-30 μg/ml, αMG MCTSs reduced again their volume. (b) The trend of MCTS density was opposite to volume changes as also shown in the images at the bottom representing spheroids treated for 48 h with increasing doses of αMG (μg/ml). \*p \< 0.05, \*\*p \< 0.01 vs control values of untreated spheroids at the corresponding time (ctr). The asterisk centred above a couple of bars shows that both mean values are significantly different with respect to control.](ijmsv15p0023g005){#F5}

![Reduction in cell migration from MDA-MB-231 MCTSs induced by αMG. The treatment of MDA-MB-231 MCTSs with αMG was effective in reducing cell motility starting from 5 μg/ml. Cells moved in a radial direction as shown in the representative images. The bar graph shows the dose-dependent reduction in the migration area after 18 h of exposure to αMG (three independent experiments). \*\*p \< 0.01 vs control (ctr).](ijmsv15p0023g006){#F6}

###### 

IC~50~ of MDA-MB-231 and MCF-7 monolayered cells after treatment with αMG

                   IC~50~ \[µg/ml\]                 
  ---------------- ------------------ ------------- -------------
  **MDA-MB-231**   1.55 (0.99)        1.05 (0.99)   1.03 (0.98)
  **MCF-7**        2.22 (0.95)        1.64 (0.98)   1.60 (0.95)

IC~50~ was obtained by the resazurin assay performed on monolayered cells after treatment with 0.1-30 mg/ml αMG (three independent experiments). The numbers in brackets are the corresponding R^2^ correlation coefficients. A decreasing trend of IC~50~ was observed from 4 to 48 h of treatment, independently of the cell line used. A greater susceptibility to αMG was shown by MDA-MB-231 cells with respect to MSC-7 cells.
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